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INTRODUCTION
Only limited and somewhat conflicting data are available on ventilatory mechanics during exhausting exercise in normal subjects (1) (2) (3) (4) . Also , there has been no detailed evaluation of the relation of exercise pressure swings to expiratory flow-limiting pressures. We have examined in detail ventilatory mechanics at the limit of exercise tolerance, to determine whether any aspect of lung mechanics correlated with the limit of exercise tolerance, and to determine whether, during heavy exercise, normal subjects developed expiratory pressures in excess of those associated with expiratory flow limitation.
It has been shown (5) that at any given lung volume over at least the lower two-thirds of the vital capacity (VC) there exists a transpulmonary pressure (PTP) beyond which further increases in pressure do not proReceived for publication 1 August 1968 and in revised form 30 October 1968. duce an increase in expiratory flow. Fig. 1 illustrates this observation. The maximal dynamic pressures developed during forced expiratory and inspiratory VC efforts form the perimeter of the plot. The static recoil curve of the lung (P8t) is shown for reference. The locus of pressures associated with expiratory flow limitation (Pnax) as a function of lung inflation is given by the P.ax line. Hyatt and Flath (6) suggested that, if positive pressures in excess of those required to produce maximal flow (defined by the P.a. line) are developed during a breathing cycle, energy is wasted and ventilation may be termed "inefficient" during this portion of the breath. These pressures would not result in increased flow but would be associated with increased work of breathing.
We first obtained data on the volume relationships of Pnax in normal subjects. there being only limited data on this in the literature (7, 8) . We then related exercise pressure volume (P-V) loops to Pmax values.
METHODS
Resting studies were performed with the subject seated in a volume-displacement body plethysmograph (9) which had a frequency-amplitude response that was ±5% up to 14 cycles/sec. The box-spirometer system was pressure-corrected to give adequate phase relationships up to 8 cycles/sec. With this system, volume is measured from the spirometer attached to the box and is corrected for alveolar gas compression or rarification. PTP was estimated by subtracting airway pressure from esophageal balloon pressure which was measured by a 10-cm-long thin latex balloon containing 0.8 ml of air placed in the middle third of the esophagus in a region free from artifacts. Flow (V) was measured by a pneumotachograph placed just distal to the mouthpiece.
Outputs from the various transducers were fed to a directwriting recorder and also to a FM tape recorder for later playback with time reduction into an X-Y plotter.
The following data were obtained at rest: static P-V curve of the lung (10); dynamic compliance (Cdyn) during quiet breathing; static lung volumes, including total lung capacity (TLC), by a modification of the method of DuBois and associates (11) ; and P-V and flow-volume (F-V) The second method is illustrated in Fig. 3 . It consists of having the subject inhale to TLC and then exhale forcefully through an orifice placed at the end of the breathing system. If the orifice offers a significant resistance, it initially limits expiratory flow and the major pressure drop occurs across the orifice (Pao). However, a lung volume will be reached at which the lung becomes flow limiting. At this point, indicated by the arrows in Fig. 3 , PTP increases rapidly and both V and P.o decrease. The PTP at this point is taken as Pma. for that lung volume. Note that esophageal pressure relative to atmosphere (P3) remains relatively high throughout the effort. The gradually increasing V and Pao in Fig. 3 reflect gradually increasing effort by the subject during this particular breath as evidenced by the high but increasing PE. By varying the orifice size between 3 and 15 mm in diameter, it was possible to obtain rather quickly 8-10 values of P... at various lung volumes, particularly at volumes below functional residual capacity (FRC) where it is difficult to obtain satisfactory isovolume (P-V) curves. Fig. 4 illustrates that decreasing the orifice size leads to development of flow limitation at decreasing levels of lung inflation. Fig. 4 presents simultaneous F-V and P-V curves obtained during forced expiration through three orifices of different sizes. The forced expiratory vital capacity breath (FVC) is shown on the F-V plot for reference. It can be seen from curve B, for example, that flow is fairly constant and less than the maximal flow defined by the FVC line until more than 4.5 liters has been exhaled. At this volume, expiratory flow limitation occurs and flow decreases. Simultaneously, the P-V representation of effort B shows that PTP increases rapidly at this volume. We estimate that our measurements of Pm.x by both techniques are accurate to within ±3 cm H20 for all except the highest lung volumes.
After these resting measurements the subject stood at rest on a treadmill and breathed through a low-resistance valve (12) , the ports of which were connected by large-bore tubing to the body box (with a 500 liter bag placed in it) which now served as a bag-in-box system (9) . Pneumo Inspiratory flow,liters/sec FIGuRE 2 Isovolume pressure-flow curves for normal subject. Volume at which each curve was measured is given in liters from total lung capacity (TLC). Arrows indicate pressures (Pma.) estimated to occur at expiratory flow limitation. Expiratory flow limitation could not be developed at 1 liter from total lung capacity.
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as before, and volume was recorded from the box spirometer.
With this arrangement, PTP and V were in phase. Volume lagged behind V and PTP by 10 msec at the highest respiratory frequencies encountered. This time lag was corrected for by playing the PTP and V signals from the tape recorder through an operational amplifier with a RC network in the feedback loop before making X-Y plots. This circuit had linear phase relationships out to 15 cycles/sec and a maximal decrease in output amplitude of 4%o, which was corrected for. The MBC and several inspiratory and expiratory FVC efforts were recorded. Next, the subject performed a series of expiratory VC breaths of varying effort from which the maximal expiratory F-V curve, as described by Hyatt and associates (5), was constructed.. The F-V curve obtained in this manner corrects in large part for artifacts due to gas compression (13) . Pt at full inflation and Cdyn during quiet breathing were measured.
The subject then walked on the treadmill, at a 10°in-clination, at a speed of 3.5-4.0 mph. The subject was instructed to signal with a buzzer when he first noted being winded or short of breath. A second signal was given when he felt he could only continue for approximately a minute longer. A third signal indicated when he was exhausted, and the treadmill was stopped. PTP was measured continuously throughout exercise as was heart rate from a telemetered electrocardiogram. At the second signal we began continuous recording of volume and flow, both on the direct writer and on tape. At the termination of exercise the subject inhaled to TLC several times. 6 of the 10 subjects then immediately performed two FVC maneuvers for comparison to the control efforts. The last 10 breaths of exercise were used for detailed analysis and were related in volume to the maximal inspirations performed at the termination of exercise. TLC was not measured during exercise, and we assumed that there was no change in TLC with exercise. The arrangement we used did not permit the simultaneous measurement of oxygen consumption. 10 healthy, relatively sedentary male subjects with no history or evidence of cardiopulmonary disease were studied (Table I) . Routine pulmonary function studies gave normal results in all subjects. Subjects 6 and 7 were nonsmokers, subject 3 was an ex-smoker, subjects 1, 2, 5, 9, and 10 smoked pipes, subject 8 smoked cigars, and subject 4 smoked 15 cigarettes daily for 28 yr. 
RESULTS
measure Pmax at lower lung inflations by the orifice The values of Pm.. obtained in each subject by the iso-method. There was no tendency for values by one techvolume P-V curve and orifice techniques are plotted nique to differ consistently from those by the other techagainst volume in Fig. 5 . We consistently were able to nique. Pm.. consistently increased as lung volume in- Fig. 7 presents pertinent interrelations among pressure, flow, and volume for each subject. Subject 8 consistently developed esophageal spasm during the inspiratory FVC breath and no inspiratory P-V loop was obtained. The P-V exercise and MBC loops are the same as those depicted on the F-V diagram. The exercise loop in one subject (subject 9) was discarded for technical reasons. Only in subject 5 does the exercise loop cross the maximal expiratory V limb of the F-V plot over a large portion of the breath. The probable explanation for this is that the subject's true maximal expiratory F-V curve was not achieved by the graded VC efforts. As will be discussed, it seems unlikely that there was a change in lung mechanics leading to higher flows at these lung volumes, but this possibility cannot be totally excluded. The inspiratory MBC loops exceed the inspiratory FV loop in several subjects. This generally occurs when more negative pressures were developed during the MBC than during the inspiratory VC maneuver (subjects 2 and 5). This explanation does not hold for subject 4 who was the only cigarette smoker in the group, and who has shown on other occasions a decrease in Cdyn With increased respiratory frequency, which may explain his behavior during the MBC. The expiratory MBC loops rarely crossed the maximal expiratory F-V loop.
The P-V plots show that, during the expiratory phase of the MBC, pressures in excess of the Pm.. line were developed. In subjects 2, 5, and 7 in particular, the associated expiratory flow is less than maximal, possibly reflecting in part a decrease in flow as pressures in excess of Pmax are developed. It must also be recalled that these loops were recorded outside the box and some error in volume placement due to gas compression is likely Transpulmonary pressure cm H20 (13, 16) . The exercise P-V loops are of great interest. In only one case was the expiratory portion of these breaths associated with pressures in excess of the Pm.. line. In subject 5, pressures exceeded Pm.. by a maximum of 5 cm H20 over approximately the lower 20% of the breath. These plots also show the relationship between the exercise tidal volume (VT) and the various lung volume compartments. The exercise VT averaged 55% of the VC. The increase in VT during exercise was accomplished mainly by encroaching on the inspiratory reserve volume, although in all but three subjects there was some extension into the expiratory reserve volume (ERV), with an average of 7% of the exercise VT extending into the ERV.
The pattern of ventilation adopted by a subject was reproducible to the extent that repeat runs in three subjects showed quite similar pressure-flow-volume interrelations.
DISCUSSION
As a first step in characterizing ventilation during exhausting exercise in normal subjects it was necessary to establish the relationship between flow-limiting PTP (Pi..) and lung volume. This was accomplished by two methods, one of which, the orifice technique, has not been used for this purpose before. We have shown that the two approaches give comparable results, with the orifice technique being less time-consuming than the isovolume P-V curve method. Hyatt and Wilcox (8) presented limited data on P... as a function of lung volume. The present data extend these observations. It is evident from Figs. 5 and 6 that P... varies directly with lung inflation, an observation confirmed by several recent studies (1, 7) . The values of P.a. in the present study are somewhat higher than those previously reported (8) but are similar to the limited data recently reported by Gilbert (1). We estimated P... from the data of Pride, Permutt, Riley, and Bromberger-Barnea (7) and found it to be higher than in our study, but the technique used by those investigators was quite different.
We measured P..a at rest and related these values to events occurring during exercise. To the extent that the mechanical properties of the lung do not change appreciably in the normal subject during exhausting exercise, this is acceptable. The following observations support this assumption. Asmussen and Christensen (17) We do not know the basic mechanism or mechanisms by which expiratory pressures during exercise are controlled in the normal subject in such an economical fashion. Economy of ventilation occurs in normal subjects when ventilation is driven involuntarily, as by exercise to the levels encountered in this study or by carbon dioxide inhalation, but not when driven voluntarily at comparable levels of ventilation.
Our subjects had a maximal exercise ventilation that averaged 64% of the MBC (Table II) , which is similar to values in the literature (20) . The subject (subject 7) with the highest VE: MBC ratio had a low MBC.
There are reports that in normal subjects Cdyn decreases with exercise (21), does not change (18, 22, 23) , or increases (24) . In our study Cdyn, as usually measured, decreased from an average of 0.196 liters/cm H20 to 0.129. However, these data are difficult to interpret because Cdy. should decrease with increasing VT, as is predictable from the P.t curve (Fig. 1) . Cdyn also decreases in some normal subjects when breathing frequency increases (25) . We could explain most of the decrease we encountered on the basis of changes in lung inflation. We studied Cdyn in three subjects while they were rebreathing at rest from a bag initially filled with 6% C02 in 02. At rates and depths of breathing similar to those occurring during the final phase of exercise, Cdyn decreased to values similar to those occurring during exercise. Similar findings have recently been reported (1) . To the extent that high levels of inspired C02 do not cause a decrease in Cdyn, we conclude that our data are most consistent with there being no change in Cdy. in normal subjects during exhausting exercise.
